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Neuronal Migration and Glial Remodeling in
Degenerating Retinas of Aged Rats and in
Nonneovascular AMD
Robert Sullivan,1 Philip Penfold,2 and David V. Pow1
PURPOSE. To demonstrate structural and immunocytochemical
changes associated with light-induced degeneration in albino
rat retinas and human AMD retinas.
METHODS. Retinas from Wistar rats aged 3, 6, or 10 months
were examined by immunocytochemistry, with antibodies to
neuronal and glial markers. Results were compared with hu-
man nonneovascular AMD retinas.
RESULTS. In aging rat retinas, many photoreceptors were lost in
response to normal ambient light exposure. Photoreceptor loss
was preceded by loss of RPE cells. Mu¨ller cells extended
processes through gaps in Bruch’s membrane, into the cho-
roid. immunolabeling for -aminobutyric acid (GABA), the gly-
cine transporter Glyt-1, and the rod bipolar cell marker PKC
revealed the presence of numerous neuronal somata and pro-
cesses that appeared to have migrated into the choroidal re-
gion. Processes of presumptive ganglion cells remodeled and
stratified in the choroid, where strong labeling for synaptic
vesicle antigens was present. Myelination of retinal ganglion
cell axons was also observed, especially in the peripheral
retina. In AMD retinas, glial rearrangement and displacement of
neurons suggestive of their migration were also observed.
CONCLUSIONS. In response to loss of RPE and photoreceptor
cells, adult retinal neurons migrate out of the retina along
remodeled processes of Mu¨ller cells. The presence of synaptic
vesicle antigens suggests the formation of new synapses be-
tween migrating neurons. The myelination is probably due to
the ingress of Schwann cells from the sclera. The presence
of some similar changes in human AMD retinas suggests
that these findings are of broad significance for determining
the likely events in transplantation of neurons in the human
retina and elsewhere. (Invest Ophthalmol Vis Sci. 2003;44:
856–865) DOI:10.1167/iovs.02-0416
Anatomic observations on degenerative lesions of the retinafrequently focus on the primary pathologic features such
as loss of photoreceptors. All genetically based retinal degen-
erations lead to photoreceptor dysfunction and many lead to
the death of both rod and cone photoreceptors.1 However,
loss of photoreceptors and the disruption of the RPE are clearly
only parts of the cascade of events that ensue. Other down-
stream neuronal elements are also likely to be affected, either
directly, because of factors such as loss of afferent synaptic
inputs, or indirectly. Thus, for example, in the Royal College of
Surgeons (RCS) rat model of retinal dystrophy, neuronal archi-
tectural changes may be evoked because of changes in the
vasculature,2 which may influence oxygen and metabolic sub-
strate availability. An example of cascading changes in the
organization of the neural retina is evident in studies of the cat
retina, which have shown that extensive neural remodeling,
especially in the inner nuclear layer, can occur in response to
retinal detachment.3 Such remodeling is presumably a down-
stream consequence of impaired photoreceptor survival, pos-
sibly because factors such as pigment epithelium–derived
growth factor (PEDF) play a role in photoreceptor survival.4
Similarly in human AMD the loss of photoreceptors within the
lesion is thought to be associated with or possibly induced by
changes in the retinal pigment epithelium or even in Mu¨ller
cells.5,6 Such changes may precede the reorganization of other
retinal neurons and retinal glial cells.7 A variety of models exist
that cause photoreceptor degeneration, due to genetic le-
sions,8 chemical lesions,9 or photic insults.10 Many lesions,
such as the degeneration seen in the RCS rat,11 are evoked
during a relatively short period, typically a matter of a few
weeks. Light has frequently been used to lesion the rat retina,
especially in nonpigmented rodent species. Short periods (usu-
ally between 24 hours and 10–14 days) of bright illumination,
high-energy blue-light illumination or sustained illumination
can cause rapid degeneration of the rat retina.12–15 Such ex-
posure is also thought to cause rapid retinal degeneration, due
to formation of very high levels of oxidative species, which
quickly damage the retina.16,17 Because of the rapid kinetics of
these high-intensity- or sustained-light lesions, it is likely that
little time may be available for secondary remodeling events to
occur.
It has been proposed (albeit rather contentiously) for many
years, that light is a causal agent in the degeneration of human
retinas in AMD,18–20 although this must be balanced against
other possible epidemiologically defined risk factors, such as
age, smoking, and genetic predisposition.21
Clearly, any human degeneration is slow when compared
with the time frame for high-intensity light damage in rodent
models. Accordingly, we have examined a well-known and
consistently reproducible (but surprisingly little studied)
model, which is the age-dependent, ambient light–induced
degeneration of the albino rat retina.22,23 In this model, degen-
eration occurs slowly, in response to exposure to normal
ambient light levels (such as are typically found in any animal
house). Such exposure, in our hands, produced a characteristic
and progressive loss of photoreceptors. We compared the
results obtained in this model with the results obtained in
examining human retinas of deceased donors, in which there
has been a clear diagnosis of AMD.
MATERIALS AND METHODS
Male Wistar rats were maintained in our school animal house under
normal animal house lighting conditions. Typical light intensity levels
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in cages were measured with a standard handheld photography light
meter. Light intensity within the cages was typically 750 lux. Animals
were maintained on a 12-hour light–dark cycle and had access to food
and water ad libitum. All experiments were conducted in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and with approval from the University of Queensland
Group 1 Animal Ethics Committee.
Comparative observations were also made on human retinas (n 
6) with demonstrable dry-form AMD lesions, some of which were
prepared for a previous study.24 The early stages of age-related macular
degeneration are characterized by drusen and RPE pigmentary abnor-
malities that are designated by the term age-related maculopathy
(ARM).25 Diagnosis was made on this basis. Human tissues were ob-
tained from donors with appropriate permission from the University of
Queensland Human Ethics Committee and the Princess Alexandria
Hospital Ethics Committee and in accordance with the Declaration of
Helsinki.
Rat Tissues
Eyes were obtained from Wistar rats aged 3, 6, or 10 months. At each
age, eyes of five animals were examined. A further two animals that
were exposed to reduced light levels (250 lux) for 10 months were also
examined.
Animals were killed by an overdose of pentobarbital sodium (100
mg/kg) administered by intraperitoneal injection. Eyes were enucle-
ated, and the anterior portion of each eye, including the lens was
removed. The resultant eyecups were fixed by immersion in 4% para-
formaldehyde or 2.5% glutaraldehyde, both in 0.1 M phosphate buffer
(pH 7.2). Glutaraldehyde-fixed eyes were embedded in epoxy resin
according to standard protocols26 and 0.5-m-thick semithin sections
cut with an ultramicrotome. Semithin sections were either stained
with toluidine blue, silver stained to demonstrate myelin,27 or immu-
nocytochemically labeled to detect -aminobutyric acid (GABA),
which is a marker of GABA-containing neurons. The GABA antiserum
has been extensively characterized.26 The antiserum was used at a
dilution of 1:300,000 in phosphate-buffered saline (pH 7.2) containing
0.5% bovine serum albumin (PBS-BSA; Sigma, Castle Hill, Australia), and
immunolabeling of semithin sections was performed by standard meth-
ods, as described in our previous studies.26 Primary antibody binding
was detected with a biotinylated secondary antibody against rat immu-
noglobulins (Amersham Pharmacia Biotech, Little Chalfont, UK) at a
dilution of 1:300 in PBS-BSA. Labeling was then performed with
streptavidin-biotin horseradish peroxidase (HRP) complex (Amersham
Pharmacia Biotech) at a dilution of 1:300 in PBS-BSA, with 3,3-diami-
nobenzidine (DAB) used as the chromogen.
To demonstrate the location of multiple classes of neurons in
microtome-cut sections (Vibratome; Ted Pella, Irvine, CA) a panel of
antibodies directed against a variety of selective neuronal markers was
used, including a rabbit polyclonal antibody against Glyt-1, which was
raised in this laboratory and used at a dilution of 1:500028; mouse
monoclonal protein kinase C (PKC) purchased from Sigma and used at
a dilution of 1:2000; rabbit polyclonal antibody against paraformalde-
hyde-conjugated glutamate, raised in this laboratory28 and used at a
dilution of 1:5000; and a monoclonal antibody to SV2 (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA), which was
used at a dilution of 1:20. In the normal retina, the glycine transporter
Glyt-1 is a distinctive marker of glycinergic amacrine cells,28,29 and
PKC is a marker of rod bipolar cells. Glutamate, is not specific for any
single neuronal class, but in this study was used to illustrate cell
populations such as retinal ganglion cells, whereas the specific synap-
tic vesicle marker SV2 was used to demonstrate the localization of
putative synaptic structures.
To immunolabel for Mu¨ller cells, two markers were used: the
glutamate transporter GLAST which, in the retina, is a selective marker
of Mu¨ller cells,30 and glial fibrillary acidic protein (GFAP), which can
label retinal astrocytes and Mu¨ller cells. Polyclonal GLAST antisera
were raised in this laboratory30 and used at a dilution of 1:40,000. The
monoclonal antibody to GFAP was obtained from Sigma and used at a
dilution of 1:5000. Additional sections of optic nerve, sciatic nerve,
brain, and retina were labeled with monoclonal Rip antibody (Devel-
opmental Studies Hybridoma Bank) used at a dilution of 1:20. Rip is a
selective marker for oligodendrocytes.31 Labeling was revealed either
by immunoperoxidase techniques with a biotinylated secondary anti-
body (dilution 1:300; Amersham Pharmacia Biotech) followed by
FIGURE 1. Semithin transverse sections of 6-month-old rat eye 1 to 2
mm from the optic nerve head, stained with toluidine blue. (A) Region
of retina where the photoreceptors, retinal pigment epithelium, and
Bruch’s membrane were intact. (B) Region where retinal pigment
epithelium had been lost; photoreceptor outer segments directly ap-
pose Bruch’s membrane (arrow). BM, Bruch’s membrane; is, photore-
ceptor inner segments; os, photoreceptor outer segments; rpe, retinal
pigment epithelium. Scale bars, 25 m.
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streptavidin-HRP complex (dilution 1:300; Amersham Pharmacia Bio-
tech), with DAB used as a chromogen, or with Texas red or FITC-
conjugated secondary antibodies (Amersham Pharmacia Biotech at a
dilution of 1:200).
Immunocytochemical control experiments were performed for all
markers. For the polyclonal antisera, the control consisted of replacing
the immune sera with preimmune sera from the same animals. For
monoclonal antibodies the control consisted of substituting purified
mouse IgG (Sigma) at a concentration of 10 g/mL in PBS-BSA, in place
of the specific monoclonal antibody. Identical immunocytochemical
control antibodies were also used for human tissues.
Human Tissues
Human eyecups were fixed with 4% paraformaldehyde for 1 hour.
Paraformaldehyde-fixed human eyecups were embedded in 4% agar
and cross sections of the eyecups cut on a microtome (Vibratome; Ted
Pella) at a thickness of 50 m. Sections were immunocytochemically
labeled for either GFAP or the glycine transporter Glyt-1.
Light Microscopy
Peroxidase-labeled sections were examined and photographed with a
microscope (Axioskop; Carl Zeiss, Oberkochen, Germany) equipped
with Nomarski differential interference contrast optics, with images
recorded on film (Ektachrome; Eastman Kodak, Rochester, NY). Slides
were scanned into a computer (Slide Coolscan III Scanner, Nikon,
Tokyo, Japan; imported into Photoshop 6, Adobe, Mountain View, CA).
Fluorescently labeled sections were viewed with a confocal micro-
scope (MRC 1040; Bio-Rad, Richmond, CA) and the digital files im-
ported into a computer (Photoshop; Adobe). Digital files were mini-
mally manipulated with changes made only in brightness and contrast.
Composite image files were then created (Macromedia, Inc., Kew,




Three-Month-Old Rats. At 3 months the histology of the
Wistar rat retinas appeared to be typical of this rat strain, with
no evidence of any perturbation of structure. The RPE was
intact, Mu¨ller cells were not swollen, and there was no histo-
logic evidence of the presence of any dying photoreceptors.
Six-Month-Old Rats. By 6 months of age, subtle changes
were evident in the architecture of the Wistar rat retina. Al-
though most of the retina appeared normal (Fig. 1A), some
small patches of degeneration of the RPE were evident, scat-
tered across the retina (Fig. 1B). Associated with such lesions
was evidence of swelling of Mu¨ller cells in the outer nuclear
layer (as evinced by areas that were unstained by toluidine blue
in semithin sections) and possible loss of some photoreceptors
in small patches.
Ten-Month-Old Rats. By 10 months of age gross lesions
were demonstrable in the eyes of all rats that were exposed to
normal ambient lighting conditions (Figs. 2A–E). Such lesions
were continuous and occupied between half and two thirds of
the area of the retina. The areas that were spared were imme-
diately surrounding the optic nerve head and the periphery of
the retina. There was no evidence of any selectivity of the
lesions for nasal or temporal sides of the retina, nor for any
dorsal–ventral gradient.
Histologic Analysis of the Lesions
Figure 2A illustrates a typical lesion. A consistent observation
in this study was that distal to the edge of the lesioned areas,
the retinas appeared to be generally intact, with normal appo-
sition between the photoreceptors and the RPE (Fig. 2B).
However, in close spatial register there was an abrupt loss of
both RPE cells and the photoreceptors at the edge of the lesion
(Fig. 2C). Bruch’s membrane (a five-layered membrane that
forms a boundary between the RPE and the choroid)32 re-
mained as a residual entity that was readily stained by toluidine
blue. At the lesion’s edge the inner nuclear layer was broad-
ened (Fig. 2A), suggestive of the cells in this layer’s having
pulled away from their neighbors. Occasional holes were evi-
dent in Bruch’s membrane in this region. A frequent observa-
tion was the presence of cell bodies apparently in the process
of traversing Bruch’s membrane, as evinced by the distorted
dumbbell shape of the nucleus of such cells and the presence
of cytoplasm on both sides of the membrane (Fig. 2D). Further
into the lesion, there was a conspicuous loss of cells in the
inner nuclear layer (Fig. 2E). Concomitant with this loss was
the appearance of a similar number of cell bodies in the
overlying choroidal region (Fig. 2E). The size and staining
properties of these cells was suggestive of their being cells that
had been lost from the inner nuclear layer. Careful examination
of Bruch’s membrane revealed many holes in this basement
membrane. Contiguous streams of cellular material, including
what appeared to be processes of Mu¨ller glial cells, appeared to
link the retinal compartment below Bruch’s membrane with
the choroidal compartment above the membrane.
Aged Rats Maintained under Lower
Light Conditions
Although the primary purpose of this study was to illustrate the
capacity for remodeling of the degenerating retina, rather than
the mechanism of initial lesioning, per se, we confirmed as
expected that light was the initial causal agent in this degen-
erative process. Examination of retinas from 10-month-old rats
maintained under lower light conditions revealed no evidence
of the presence of any degenerative lesions or reorganization
(Fig. 2F).
Immunocytochemical Control Experiments
Immunocytochemical control experiments were performed
for each of the antibodies used in this study (Fig. 3). In all cases
no specific immunostaining was observed when the immune
serum or monoclonal antibody was replaced by the preim-
mune serum or nonimmune mouse immunoglobulins.
Immunocytochemistry for Astrocyte and Mu¨ller
Cell Markers
Immunolabelling for GLAST (Figs. 4A, 4B) revealed an extraor-
dinary and exuberant extension of Mu¨ller cell processes out of
Š
FIGURE 2. Toluidine blue-stained section of an eyecup from a 10-month-old rat maintained under 750-lux illumination. Section was obtained 1 mm
temporal to the optic nerve head and includes the sclera, choroid, and retina (A–E). (A) Low-magnification montage. At left (closest to the optic nerve
head) is an intact region of retina; at right is a highly degenerated area. (B–E) High-magnification views of sections of (A) demonstrating relatively intact
retina (B) and a region at the edge of the lesion where most photoreceptor somata had been lost (C). (D) A cell body is shown (arrow) that may have
been in the process of translocating through Bruch’s membrane. In regions with severe degeneration (E), holes were present in Bruch’s membrane
(arrows) and many neuronal somata (arrowheads) were present in the choroidal region. Darkly stained myelin was present. Conversely, in the retina
of a 10-month-old rat maintained under low light conditions, there was no evidence of degeneration (F). BM, Bruch’s membrane; C, choroid; GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; my, myelin; P, photoreceptors; rpe, retinal pigment epithelium; Sc, sclera. Scale
bars: (A, F) 100 m; (B, C, E) 20 m; (D) 5 m.
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the retina and into the choroid. The Mu¨ller cell processes
extended in a tree-trunk–like manner through holes in Bruch’s
membrane (which was readily identified with differential in-
terference contrast optics) and then branched in the choroidal
region to form a compact treelike structure with horizontally
stratified branches. Pale elliptical or pear-shaped gaps within
the Mu¨ller cell branches appeared to represent crypts that
contained unstained neuronal somata. GFAP staining (Fig. 4C)
revealed a similar pattern of effusive outgrowth of the Mu¨ller
cells. However, because GFAP is not expressed at the surface
of the cell, it did not give as complete a picture of the Mu¨ller
cell processes and their relationships to neurons as was evident
with GLAST labeling.
Neuronal Markers
Immunolabelling for the glycine transporter Glyt-1, which is
a robust marker for glycinergic amacrine cells in normal
retinas of rats and humans,24,28,29 revealed abundant label-
ing for this marker in neurons that were localized to the
choroidal region (Fig. 5A) as well as those remaining within
the retina. Double labeling for GLAST and Glyt-1 revealed
(Figs. 5B, 5C) that within the choroidal region the Glyt-1-
immunoreactive cell bodies of the ectopically positioned
glycinergic amacrine cells were located within GLAST-im-
munoreactive Mu¨ller cell crypts.
Immunolabelling of semithin, resin-embedded sections for
GABA, which is a reliable marker for GABAergic neurons re-
vealed consistently strong labeling for this neurotransmitter,
both within the retina and in cells located within the choroid
(Fig. 5D). Labeling was identified, not only in presumptive
neuronal somata but also in many fine punctate structures,
which we interpreted as neuronal processes or terminals. Sim-
ilarly, immunoreactivity for PKC (Fig. 5E) was evident in many
cells in the choroidal region, suggestive of the migration of rod
bipolar cells out of the retina and into the choroidal region. In
all cases, the ectopically located neurons appeared to maintain
a close association with the Mu¨ller cells, as revealed by dual
immunofluorescence labeling. Ectopically located neurons
were localized to the elliptical or pear-shaped crypts formed by
the Mu¨ller cell processes. Not all neuronal types appeared able
to migrate. Retinal ganglion cells appeared to remain in the
residual ganglion cell layer. However, the inner plexiform layer
FIGURE 3. Immunocytochemical control sections. Microtome sec-
tions of 10-month-old degenerate rat retinas (A–C) or human retina (D)
immunoperoxidase labeled with preimmune sera to GLAST (A), Glyt-1
(B), or purified nonimmune mouse immunoglobulin (C, D) in place of
a specific mouse monoclonal antibody. Semithin, resin-embedded sec-
tions of 10-month-old degenerate rat retina were also labeled with
preimmune sera for GABA (E). No specific labeling was present.
Arrow: Bruch’s membrane. C, choroid; GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer; r, retina; Sc, sclera. Scale
bars, 50 m.
FIGURE 4. Microtome section
through a degenerate region of 10-
month-old rat retina immunoperoxi-
dase labeled for GLAST (A, B) or
GFAP (C). All sections were approx-
imately 2 to 3 mm temporal to the
optic nerve head. GLAST-immunore-
active processes of Mu¨ller cells (A, B)
extended out of the retina into the
overlying choroid. Arrows: Mu¨ller
cells exhibiting a treelike morphol-
ogy in the choroidal region. The
trunk process of a Mu¨ller cell (B)
extended through the retina (ar-
rows), but lateral processes were not
evident within the retina. GFAP label-
ing (C) were similar to the labeling
observed with GLAST. BM, Bruch’s
membrane; C, choroid; m, Mu¨ller
cell; r, retina; Sc, Sclera. Scale bars,
50 m.
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thinned out (due to the exodus of interneurons into the over-
lying choroidal region) so that the ganglion cells, which were
revealed (albeit nonselectively) by intense immunolabeling for
the retinal ganglion cell neurotransmitter glutamate, appeared
to extend processes into the choroidal region (Fig. 5F). Such
processes appeared to stratify in several horizontal strata sim-
ilar to the strata formed by the branches of the Mu¨ller cells.
To investigate whether it was possible that the GABAergic,
glycinergic, and glutamatergic neuronal types that were
present in the choroidal region might be capable of forming
synaptic connections, sections were immunolabeled for the
synaptic vesicle marker SV2. Strong and consistent SV2 staining
was evident in those areas of the choroid occupied by migrated
neurons (Fig. 5G). In many cases streams of SV2-labeled ele-
ments were observed that extended along those Mu¨ller cell
processes that protruded through holes in Bruch’s membrane,
between the retina with the choroidal region. By contrast, and
in accord with innumerable previous studies, none of these
neuronal markers was observed in the choroidal region of
normal nondegenerate areas of the retina.
Myelination
It was noted unexpectedly, initially in toluidine blue-stained
sections and later in sections selectively stained with silver
to reveal myelin, that many axons in the nerve fiber layer of
the retina were myelinated (Fig. 6A). Such myelination was
not evident around the optic nerve head but was instead
most evident in areas in the center of the lesions. Because
retinal interneuron processes were not evident in such ar-
eas, it was assumed that the myelinated processes were
those of retinal ganglion cells. The silver staining character-
istics of the retinal myelin were identical with those ob-
served around nearby myelinated axons traveling at the
sclera– choroid interface (Fig. 6B). Cells that we interpreted
as being Schwann cells each appeared to myelinate a single
axon (a feature that distinguishes them from oligodendro-
cytes, which typically myelinate multiple axons; Fig. 6B).
Immunolabeling with the Rip antibody, which is reported
to be selective for oligodendrocytes, revealed strong label-
ing in oligodendrocyte-rich tissues, such as cerebral cortex
(Fig. 6C) and optic nerve (Fig. 6D), whereas no demonstra-
ble labeling was evident in sciatic nerve where the myeli-
nating cells were Schwann cells (Fig. 6E). Similarly, no
labeling was evident in those retinas that contained abun-
dant myelin (Fig. 6F), suggesting that the myelinating cells in
these retinas were Schwann cells, similar to those that
myelinate the axons running at the boundary of the sclera
and choroid.
FIGURE 5. A 10-month-old degener-
ate rat retina. (A–C, E–G) Microtome
sections; (D) a semithin, resin-em-
bedded section. (A, D, E, G) Immu-
noperoxidase-labeled sections; (B, C,
F) immunofluorescence-labeled sec-
tions. All sections were approxi-
mately 2 mm temporal to the optic
nerve head. (A) Glyt-1–immunola-
beled glycinergic amacrine cells (ar-
row) were located in the choroid and
immunoreactive cell processes (ar-
rowhead) traveling between the ret-
ina and choroid, through gaps in
Bruch’s membrane (arrowhead).
Double-labeled immunofluorescence
confocal images of GLAST labeling
(B) and Glyt-1 labeling (C) revealed
that a Mu¨ller cell process surrounded
a Glyt-1-immunoreactive neuron (ar-
rows) located in the choroid. Immu-
nolabeling for GABA (D) or protein
kinase C (E) revealed that GABAergic
and glutamatergic neurons may be
ectopically located in the choroidal
region. By contrast, the soma of a
large glutamate-immunoreactive gan-
glion cell (F) did not migrate, but its
dendritic processes were stratified
(arrows) in the choroidal region.
SV2-immunoreactive elements (G)
streamed through a gap in Bruch’s
membrane and into the choroid (ar-
row). BM, Bruch’s membrane; C,
choroid; G, ganglion cell; IPL, inner
plexiform layer; r, retina; Sc, sclera.
Scale bars: (A, D, E, G) 25 m; (B, C,
F) 10 m.
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Human Nonneovascular AMD Retinas
We reexamined Glyt-1–labeled retinas from a previous study
and additional GFAP-labeled sections, to determine whether
any of the changes in retinal structure observed in the present
study are also evident in human tissues.
Within the area of degeneration, GFAP staining was intense,
especially in the regions of the inner and outer end feet of the
Mu¨ller cells. Numerous volcano-like eruptions of the Mu¨ller
cells were observed (Fig. 7A). These protrusions of Mu¨ller cells
were especially evident in regions where the pigment epithe-
lium had been lost.
Glyt-1 is a marker for glycinergic amacrine cells. In nonde-
generate areas of the AMD retinas outside the macular region,
labeling was present in the plasma membranes of amacrine
cells, the somata of which were normally located in the inner
third of the inner nuclear layer (Fig 7B), in accord with our
previous studies of normal retinas.28 However, within the
lesions, especially where the volcano-like protrusions of Mu¨ller
cells were present, we also observed Glyt-1–immunoreactive
cells that were displaced into the outer part of the retina (Fig.
7C). Such displaced cells were observed in all the retinas
studied, but the incidence was variable, suggesting it was
dependent on the extent of the disease at the time of death of
the eye donor. However, in all eyes studied, it was observed
that Glyt-1–immunoreactive amacrine cells were often clus-
tered as columns of three to six cells (Fig. 7D), suggestive of
their migration along a common conduit, possibly a radial glial
cell process.
DISCUSSION
In this study we made four distinct findings: (1) Light damage
in the albino Wistar rat retina caused the slow and progressive
formation of a typical lesion, with loss first of the RPE and then
of the photoreceptors. (2) In the rat retina, Mu¨ller cells ex-
tended processes out of the retina through the subretinal
space, and, through holes in Bruch’s membrane, into the over-
lying choroid, where they formed multiple horizontally strati-
fied branches. The Mu¨ller cell processes apparently serve as
conduits along which retinal neurons then migrate out of the
retina, into the choroid, where they may form synaptic con-
nections. (3) In the rat retina, myelination of putative retinal
ganglion cell axons was evident at sites distant from the optic
nerve head, especially in areas that exhibited extensive frag-
mentation of Bruch’s membrane. (4) Human nonneovascular
AMD retinas showed evidence of anatomic remodeling, includ-
ing migration of neurons and reorganization of Mu¨ller cell
processes—the remodeling in the AMD retinas being similar in
FIGURE 6. Resin-embedded sections
of 10-month-old rat retina 2 mm tem-
poral to the optic nerve head were
silver stained for myelin (A, B). My-
elinated ganglion cell processes were
darkly stained. In the choroid, nu-
merous large somata (arrows) were
present. At high magnification (B),
somata of presumptive Schwann
cells could be identified in asso-
ciation with myelinated axons. Addi-
tional myelinated axons were pres-
ent at the boundary of the sclera and
the choroid (arrowheads). (C–F)
Microtome sections immunoperoxi-
dase-labeled for Rip. Strong labeling
was present in the cortex of 10-
month-old rat (C). Layer 1 (I) is iden-
tified at the top of the image. In rat
optic nerve (D), Rip staining was so
intense that individual axons and oli-
godendrocytes could not be discrim-
inated. Conversely, in sciatic nerve
(E) no specific staining was evident.
Arrows: longitudinally sectioned
axon bundles. In a 10-month-old rat
retina (F), no specific labeling was
evident. Mast cells (arrow, ✽) con-
tained only endogenous peroxidases.
BM, Bruch’s membrane; C, choroid;
my, myelin sheaths; ON, optic nerve;
r, retina; S, Schwann cell. Scale bars:
(A, C, F) 50 m; (B) 10 m; (D) 100
m; (E) 20 m.
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character to that observed in the rat, but of a more modest
nature.
Fragmentation of Bruch’s Membrane
in Rat Retina
In this study we demonstrate the fragmentation of Bruch’s
membrane, yielding many holes that serve as gateways for
subsequent glial outgrowth and thence neuronal migration.
Fragmentation of Bruch’s membrane is a typical feature of
AMD, with the severity of the AMD generally related to the
extent of fragmentation.33
We did not find evidence in this model of any neovascular-
ization. Blood vessels were never observed to extend between
the choroid and the retina, per se, suggesting that processes
such as neovascularization were not causal in the breakdown
of Bruch’s membrane in this instance.34
Migration of Retinal Neurons
In the present study, we concluded that in rats there is a
spatially defined zone at the edge of the lesions we describe
where neurons are lost from the inner nuclear layer of the
retina and that there is a concomitant appearance of neurons in
the choroidal region. We formed this conclusion, based both
on our conventional histologic data and on the basis of the
distribution of cellular elements that are immunolabeled with
our panel of markers for neurons. Although no single marker
can be assumed to confirm unequivocally the neuronal status
of the cells that we observed in this study, the presence of
multiple markers such as GABA and SV2, which are generally
regarded as selectively identifying neurons, along with Glyt-1
and PKC, makes a strong case that we are indeed observing
neurons that have migrated out of the retina into the overlying
choroid.
Our finding of abundant neuronal migration was initially
surprising, because a similar phenomenon has not been re-
ported in rats exposed to short- or long-term light dam-
age.10,13–16 We suggest that this is fortuitous at two levels.
First, we have studied a model that has an extended period of
degeneration and therefor permits the processes of cellular
reorganization and migration to occur. Second, it was fortunate
that we took the unusual step of looking for neural markers in
the choroidal region of the eye, because this would not be
FIGURE 7. Microtome sections of
retina from a patient with a clinical
diagnosis of dry AMD immunoperox-
idase labeled for GFAP (A) or Glyt-1
(B–D). Numerous eruptions (arrow)
of GFAP-immunoreactive Mu¨ller cells
were evident (A). In a section 2 to 3
mm lateral to the lesion (B) immuno-
reactive amacrine cell somata (ar-
rows) were located in a narrow band
close to the inner plexiform layer.
Within the lesion (C) amacrine cell
somata (arrows) were located in a
broad band that extended up into the
residual outer nuclear layer. At high
magnification (D) immunoreactive
amacrine cell bodies (arrows) ap-
peared in a columnar arrangement
suggestive of their radial dispersion.
Conversely, an adjacent region (❃)
was depleted of any immunoreactive
amacrine cells. C, choroids; GCL,
ganglion cell layer; INL, inner nu-
clear layer; IPL, inner plexiform
layer; m, Mu¨ller cell processes; OPL,
outer plexiform layer. Scale bars, 50
m.
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undertaken in most studies. In view of the clear evidence of
cellular elements traversing between the retina and the cho-
roid through holes in Bruch’s membrane, we conclude that the
neurons that we observed in the choroidal region had migrated
between these two anatomic compartments. We do not be-
lieve that the neurons appear in the choroidal region due to a
process of de novo neurogenesis, because the areas of neuro-
nal loss in the retina and neuronal gain in the choroid are in
complete spatial register. Clearly, the concept that GABAergic,
glycinergic, and glutamatergic neurons might be able to mi-
grate in toto greatly extends the current ideas of nervous
system plasticity. Classic views of plasticity emphasize changes
in features such as dendritic arbors of neurons, but do not
normally countenance the complete relocation of neurons.
This view is surprising, given our current understanding of the
way in which cells such as neuronal stem cells are able to
migrate through the matrix of the nervous system. We propose
that migration of neurons in response to changes in synaptic
input may well be commonplace, but that without reference to
precise borders such as the remnants of Bruch’s membrane,
such movements may be undetectable by conventional histo-
logic means. In support of this view, we note that in unpub-
lished studies we have observed similarly displaced cells at the
edge of lesions in retinas of taurine-depleted cats which also
exhibit an AMD-like lesion in the area centralis.35 Accordingly,
we suggest that the migration of retinal neurons in response to
loss of functional synaptic inputs, regardless of the causal
nature of the lesions, may be a common phenomenon among
many species. Does neuronal migration occur in humans? Our
data suggest that in the degenerating human retina neuronal
migration does indeed occur, as evinced by the presence of
glycinergic amacrine cells that are ectopically located in the
outer nuclear layer at the margins of lesions. We have not,
however, demonstrated a generalized further migration into
the choroidal region, although some isolated instances of glial
processes extending through the RPE were observed.
Do neurons that have migrated form demonstrable synapse-
like structures? The current studies suggest that in the rat,
SV2-immunoreactive synaptic vesicle clusters are present in
the neuronal elements that had migrated into the choroid.
Extensive punctate labeling was also observed along the course
of Mu¨ller cell processes, as they traveled between the retina
and the choroid. Such labeling may indicate either the pres-
ence of en passant–type synaptic varicosities or the formation
of connections with other processes such as ganglion cell
processes, which we have observed traversing this region.
Although this is undoubtedly a prerequisite for synaptic inter-
actions, more data are needed to confirm that connections are
formed. Future studies may include an analysis of markers such
as the postsynaptic density marker PSD 95, to verify whether
demonstrable postsynaptic specialization is present, and elec-
tron microscopy. However, such studies were outside the
scope of the present investigation.
Mu¨ller Cell Processes
The finding, in this study of excrescent outgrowth of Mu¨ller
cell processes in our rat model and more modest remodeling in
the human AMD retinas has parallels several other studies.
Retinal detachment can result in outgrowth of Mu¨ller cell
processes into the subretinal space.3 Similarly, other studies of
AMD retinas have demonstrated that Mu¨ller cell processes may
extend and adhere to the denuded Bruch’s membrane in an
attempt to maintain the blood–retina barrier.36–39 We propose
that neurons that migrate into the choroidal region of the rat
eye may survive because of the unusual morphology of the
Mu¨ller cells, which, by extensively wrapping the neurons, may
provide a regulated environment that functions as a quasi
blood–retina barrier.
Myelination of the Retinal Ganglion Cell Axons
within the Rat Retina
In this study, concomitant with the degeneration of the retina,
abundant myelination of what we presume to be ganglion cell
axons was evident. In the normal rat retina, myelination is not
normally observed, presumably because the myelin would
cause degradation of images, due to the high refractive index
of the myelin, which causes light scattering. Myelination has
previously been described in response to puncturing lesions
from the sclera into the retina, which penetrate Bruch’s mem-
brane.40 Perry and Hayes40suggested that because the lesion
had to penetrate the sclera and the retina, the Schwann cells
responsible for this myelination arise in the sclera and migrate
along the lesion tracts into the retina. We suggest that Schwann
cells were responsible for the observed myelination in this
study. Schwann cells can generally be distinguished from oli-
godendrocytes because Schwann cells usually associate with
only a single myelinated axon, whereas oligodendrocytes tend
to wrap multiple axons. Our additional observations with the
use of Rip antibody, which is reported to be a specific marker
for oligodendrocytes rather than Schwann cells,31 suggest that
the myelinating cells are Schwann cells rather than oligoden-
drocytes. We base this conclusion on our observation that
although oligodendrocytes are strongly labeled in brains and
optic nerves of these animals, little if any labeling is observed
in their sciatic nerves (which are myelinated by Schwann
cells), and similarly there was no observable labeling with the
Rip antibody in the retinas of these animals. What might the
functional role be of this myelination? We know from earlier
studies by Lawrence et al.41 that Schwann cells, when intro-
duced into the subretinal space, retard degeneration of the RCS
rat retina, possibly because of secretion of trophic factors. We
suggest that the myelination observed in this study may well be
a secondary consequence of spontaneous recruitment of
Schwann cells into the retina as part of an intrinsic attempt to
retard retinal degeneration.
A Model for Examining Nervous System Repair
Our novel finding, that retinal neurons readily migrate radially
out of the retina in response to degeneration of the photore-
ceptors is of significance, because it has not, to our knowledge,
been shown that adult neuronal somata can migrate. This
finding out possibilities for studying mechanisms for nervous
system repair. Not only did we demonstrate migration of the
major inhibitory and excitatory classes of neurons, but we also
showed that such neurons may be capable of forming new
synapses. Each of these phenomena represent features that
would be necessities in studies on the repair of the nervous
system—for example, in the spinal cord. Our finding that in
human nonneovascular AMD retinas, neurons are frequently
present in ectopic locations at the periphery of the degenera-
tive lesion, leads us to believe that such neurons have migrated
or are in the process of migrating. This finding that neurons
may migrate in an aged human nervous system is an exciting
one, and the current possibility of investigating the underpin-
ning events in a rat model may well lead to the possibility of
manipulating this phenomenon in other loci for use in a ther-
apeutic context.
We suggest that the Mu¨ller cells are the key elements in the
migratory process that we observed. Our preliminary data
suggest that neuronal migration occurs along the processes of
Mu¨ller glial cells, which are exuberantly extended radially
through gaps in Bruch’s membrane, into the overlying choroid.
We conclude that the current rat model provides histologic
evidence of extensive remodeling of the retina in response to
loss of photoreceptors and that the model may be useful in the
study, not only of the dry form of AMD, but also more widely
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in studies of neural degeneration and repair in other CNS
regions.
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